Introduction
Helicobacter pylori is a Gram-negative bacterium able to survive in the human stomach owing to several factors that allow buffering of the harsh acidic conditions [1, 2] . Among these factors, a tuft of five to seven polar flagella allows the bacterium to move from the stomach lumen to the epithelium, avoiding the acidic milieu, and facilitates its survival during the host's periodic mechanical clearances [3, 4] .
The structural organization of a single flagellum involves approximately 30 different proteins, assisted in the expression and the assembly processes by about 15 more [5] . The flagellum is a complex rotatory nanomachine composed by two main portions: the hook-basal body and the extracellular filament. The first can be divided into three substructures: (a) the base, (b) the rod and ring structures, and (c) the hook, a flexible junction exposed on the cell surface and composed of about 120 copies of the FlgE protein [6] [7] [8] . The latter behaves as a linkage between the rigid structure of the filament and the complex structure of the export system. On crossing the membrane, FlgE subunits are organized under the specific control of the Abbreviations IMAC, immobilized metal affinity chromatography; r.m.s.d., root mean square deviation; SAD, single-wavelength anomalous diffraction.
hook-cap foldase, FlgD, which regularizes the hook's polymerization [9] .
Several biochemical and structural studies have already been performed on bacterial flagellar components. Among them, hooks from Caulobacter crescentus, Salmonella typhimurium and Campylobacter jejuni are the best studied. All of them consist of 11 protofilaments, arranged with a different diameter according to the dimensions of the species-specific FlgE and its tridimensional organization [10] . In the case of H. pylori, two genes, hp0870 and hp0908, encode proteins apparently corresponding to FlgE (Fig. 1) . The two proteins have been labelled FlgE1 and FlgE2, respectively [5] . FlgE1 is believed to represent the unique structural protein of the H. pylori flagellar hook and counts 718 amino acids, with a molecular mass of 78 kDa [11] , whilst it is supposed that FlgE2 contributes to the assembly of the hook, despite no clear evidence have been obtained for this so far [12] . The actual role of the two proteins and, in particular, the function of the second is still a matter of debate. Indeed, previous studies have shown that the flgE2 gene encodes a probable hook protein, and the orthologous protein in Campylobacter jejuni seems to be dispensable for flagellar biogenesis [13] .
HpFlgE2 is composed by 605 amino acids, with a molecular mass of 66 kDa. HpFlgE1 and HpFlgE2 share 26% sequence identity, and apparently the second lacks one domain compared with its ortholog (Fig. 2) . Gene hp0908, coding for the HpFlgE2 protein, belongs to an operon that includes genes hp0906 and hp0907 identified to code for the proteins FliK and FlgD, respectively, both involved in hook length regulation. Gene hp0870 codes for FlgE1 and is located in an operon that includes two different regulatory genes: hypA, which codes for a nickel hydrogenase, and lpxB, identified as a lipid-A-disaccharide synthase. As with all the flagellins, HpFlgE2 is associated to an antibacterial recognition site, with the exposure of H-antigens at the level of the most protruding domains. This makes the protein a potential vaccine target for hypothetical immunological therapy [14] .
To identify its role in hook assembly and elucidate differences from the already known structures of other flagellar hooks, the protein HpFlgE2 has been cloned, expressed, purified and crystallized. Its structure is hereby reported in order to clarify its hypothetical role in bacterial physiological activity. Moreover, to determine the protein's specific role in the hook's assembly, the interaction with the HpFlgD protein has been investigated.
Results

X-ray structure of HpFlgE2
The crystal structure of protein HpFlgE2 was determined to a resolution of 2.3
A. The crystals belong to space group P2 1 2 1 2 1 , and the structure could not be solved by molecular replacement using molecular models obtained by homology with the other known structures of FlgE from the other bacteria, a clear index of the limited structural similarity among these proteins. The solution was finally obtained by using the singlewavelength anomalous diffraction (SAD) method, and statistics in data collection and refinement are shown in Table 1 . The refined structure is shown in Fig. 3 , whilst a representative portion of the electron density map, shown in Fig. 4 , illustrates the quality of the structure. Residues from the N terminus to 80 and from 565 to the C terminus are not visible in the crystal structure. According to the silver staining of a denaturing gel (Fig. 5) , performed on solubilized crystals, the crystallized protein lacks a portion of sequence corresponding to about 120 amino acids. This is a value compatible with the solvent content of the crystal: taking into account the presence of residues from 81 to 564 in the asymmetric unit, a V M value of 2.32 A 3 ÁDa À1 is estimated, corresponding to a solvent content of 47%. Since the model was built from residues 81-564, it is reasonable to assume that the missing fragments correspond to both the N and C terminus. The HpFlgE2 monomer contained in the asymmetric unit presents a very elongated shape, whose longest dimension (about 120 A) is oriented in the direction of the c axis. In this way, a monomer occupies about half of the length of the long c axis, 238
A. HpFlgE2's overall structure consists of three domains (Fig. 3A) , reminiscent of those of FlgE1 from Campylobacter jejuni (CjFlgE1). The first (D1) and second (D2) domain are composed of two polypeptide chain segments, whilst the third domain (D3) is made of a continuous polypeptide going from amino acid Asp210 to Ala351. The topology of the three domains is illustrated in Fig. 3B . The longest dimensions for  each of the domains D1, D2 and D3 are about 55, 51  and 45 A, respectively. Domain D1 includes amino acids from Met81 to Gln186 and from Pro475 to Thr564. More than half of D1 is composed of the N-terminal polypeptide chain before the connection to D2 via a short stretch to strand bE1, which crosses domain D2 and connects it to D3. D1 contains an elaborate set of b-strands, organized in an antiparallel fashion. An eight-residue a-helix (aH1, residues Arg162-His170), a turn of a 3 10 -helix (Asp513-Gly515) and some long loops (Asp148-Ala161) connect four sets of b-sheets. Domain D2 consists of residues from Lys192 to Gln209 and from Ile352 to Gln471. These residues are exclusively arranged in a nine-stranded b-barrel, organized in a rugby-ball fashion, as in the case of S. typhimurium [15] .
Two short-stretch segments connect D1 and D2. D2 is directly connected to D3 through the final part of bE2. Domain D3 starts with two a-helices (aH2 and aH3) connected to the b-strand bF1 by a long loop, enchaining the entire domain. It is followed by a four- residue loop. The strand bF1 is organized together with bF2, bF3, bF4 and bF5 to form the first b-sheet. In particular, bF4 is connected to bF5 through the helix aH4, creating an ab-motif. The strand bF5 is directly connected to bG3, which interacts in an antiparallel manner with the strand bG2. They create, together with bG1, a second b-sheet, which ends up in D2. The nine-residue a-helix aH5 connects the two bsheets.
Two highly flexible loops, residues Glu254-Glu260 and Thr530-Arg536, are not visible in the electron density map and were not included in the molecular model. They are located at the top of D1 and at the bottom of D3, respectively.
Comparison of HpFlgE2 with FlgE from other organisms
HpFlgE2 protein has been identified only in genomes of bacteria presenting polar flagella, such as H. pylori, C. jejuni and Rhodobacter sphaeroides [16] . Nevertheless, none of those proteins has been purified and biochemically analyzed so far. Therefore, the structure described in this paper is the first to be solved from its class.
The crystal structures of FlgE from Salmonella typhimurium (StFlgE; PDB ID: 1WLG), Caulobacter crescentus (CcFlgE; PDB ID: 5AY6) and FlgE1 from Campylobacter jejuni (CjFlgE1; PDB ID: 5Z4) are available [10, 15, 17] . The sequence alignments of the three previous proteins with HpFlgE2, performed with software CLUSTAL OMEGA [18] , show an identity of 24%, 23% and 27% with S. typhimurium, C. crescentus and C. jejuni, respectively ( Fig. 2 and Table 2 ). Interestingly, the structural alignment of the four proteins, reported in Table 3 , indicates that the percentage of amino acid identity is even lower, 6.2%, 11.4% and 4.0% for StFlgE, CjFlgE1 and CcFlgE, respectively. The most similar overall structure is the one from CjFlgE1 (79 kDa), composed of four domains. Domains D1 and D2 have been described as being, respectively, the major components of the inner and the middle layers of the hook and, thus, to be involved in the arrangement of the flexible junction. Two extra domains, D3 and D4, have been found in Epsilonbacteria, a fact that possibly increases the hook robustness. Moreover, another domain, labelled D0, identified in the structures previously determined by cryoelectron microscopy (5JXL; 3A69), is located at the innermost portion of the hook, creating a coiled-coil portion essential for the protein polymerization process [17] . In the case of HpFlgE2, the main three domains, D1, D2 and D3, are roughly conserved, as can be seen from the sequence alignment (Fig. 2) . D0 is present in the amino acid sequence, but not in the crystal structure. From the sequence alignment, the region appears to be quite well conserved in all the hook flagellins, especially for the amino acids Thr31, Gly33, Tyr34, Phe41, Leu44, Gly65, Val66 and Gly78. This portion has been identified as the L-stretch [17] and is usually composed by the first 80 amino acids. It plays an important role in the polymerization process [15, 17] . The structure of HpFlgE2 has been compared with the 3D organization of the orthologs from the other bacteria, CjFlgE1, CcFlgE and StFlgE. The root mean square deviation (r.m.s.d.) values given from the alignment of the whole structure of HpFlgE2 and its single domains are reported in Table 4 . As visible from the structural alignment, D1 and D2 are well conserved among all the proteins ( Fig. 6 and Table 4 ). In particular, this is the case for C. jejuni, where the calculated r.m.s.d. on Ca atoms corresponds to 2.08 and 1.78 A for D1 and D2, respectively. Major differences in HpFlgE2-D1 are represented by a motif going from Arg162 to His170, where an a-helix is inserted, and by the presence of a long loop located at the level of Gly529 and Pro537. On the other side, D2 is structurally better conserved, maintaining invariant the a-helix going from Thr278 to Thr290. Compared with CcFlgE, the same D2 domain in HpFlgE2 lacks a loop inserted at the level of the amino acids going from Lys410 to Glu419. Structural similarity searches performed with the DALI server [19] on domain D3 report a combination of structural motifs found in the same domain for CjFlgE1. More precisely, from the structural alignment of the two domains, 98 amino acids share 14% sequence identity and a value of r.m.s.d. of 2.11 A (Fig. 7) . Differing from the tridimensional organization of HpFlgE2-D3, CjFlgE1-D3 presents an insertion located at the level of Tyr447 to Thr502 in the ortholog from H. pylori. For CcFlgE-D3, no correspondence with the motifs observed in HpFlgE2 and CjFlgE1 can be recognized, since it is composed of two sets of antiparallel b-sheets. Finally, the structural alignment of HpFlgE2 with StFlgE reveals that polar amino acids involved in the interaction between different monomers in the hook are still conserved in the H. pylori protein, especially for the linear motifs Gly155-Thr156, Asn104-Glu106 and Glu486-Glu487. Moreover, the amino acids directly involved in polar-polar or polar-charged interactions between two monomers inside the hook are maintained (Table 3) . Differing from what is observed for FlgE/FlgE1 in the other organisms, the presence of charged amino acids at the level of the interaction points in orthologs and along D3 could prevent the polymerization process of the protein in solution, justifying the monomeric form of HpFlgE2 after its purification.
Interaction of HpFlgE2 with HpFlgD
According to many reports in the literature [20] [21] [22] [23] , the flagellar transcription cascade is conserved among several different bacteria and is constantly under the control of r 54 and r 80 transcription factors. Both genes flgE2 and flgD are identified as belonging to a r 54 -dependent operon [11] , and hence they are 
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The FEBS Journal 284 (2017) 4328-4342 ª 2017 Federation of European Biochemical Societies supposed to be interdependent during their expression [24] . Owing to the location of the gene encoding HpFlgE2 inside the H. pylori genome, the interaction with its neighbor HpFlgD was checked in order to clarify its physiological role in bacterial motility.
The two proteins were then co-expressed and copurified. HpFlgE2 was designed tagged with a His6-tag and HpFlgD with a Strep-tag, both located at the C terminus. The elution of both proteins was detected using anti-His-tag and anti-Strep-tag antibodies, after the elution onto Strep-tactin first and immobilized metal affinity chromatography (IMAC) resin second. The SDS/PAGE gel of some purified fractions with the respective western blots for FlgE2-His6 and FlgDStrep is shown in Fig. 8A . Figure 8Aii Figure 8B ,C shows the SDS/ PAGE and the western blot for FlgE2-His6 and FlgDStrep, respectively. The bands in the first two lanes identify the tagged proteins, recognized by antibody. In both cases, there is no presence of the tagged protein in the eluted or in the washing fractions, indicating that no unspecific interactions take place.
The same interaction was checked mixing the purified monomeric species of FlgE2 with FlgD in solution, using the microscale thermophoresis method in triplicates (Fig. 9) . The dissociation constant (K D ) for the complex, fitting the data with a one global-state dissociation model, was estimated to be 127 AE 15 nM.
Discussion
HpFlgE2 is considered to be an ortholog of HpFlgE1, the main component of the hook of flagellum [7, 11] . Despite that, its function is still unclear, since the protein seems not to be directly involved in the formation of the main structure of the bacterial hook [21, 25, 26] . The two different locations inside the bacterial genome (for both C. jejuni and H. pylori) were hypothetically considered representative of different stages of gene translation during the flagellar biogenesis. The transcription of flgE1 is, indeed, controlled by the specific promoter RpoN, responsible for the production of middle flagellar and structural genes. The gene flgE1 is located upstream of the transcription of flgDE2, which belongs to an intermediate class of genes involved in the expression of structural and regulatory proteins. Apparently, the gene sequence flgDE2 seems to be paramount for the construction of the hook architecture. In fact, the specific knockout of flgD affects the production of flagellate bacteria [7, 21, 22] . On the other side, proteomic studies have detected an increase in concentration of HpFlgE2 under highsalt conditions, in contrast with the corresponding decrease in bacterial motility [27] . Indeed, in physiological conditions the purified protein HpFlgE1 has a natural tendency to organize in a flexible and tubular shape, which is disabled at high salt concentration and in a low pH environment (pH < 5) (data not shown).
HpFlgE2 crystal structure reveals that the protein conserves a three-dimensional organization comparable to the already known structures of FlgE/FlgE1 proteins from other organisms, disclosing a hypothetical genetic differentiation induced by evolution. In details, Table 3 . Structural alignment of HpFlgE2 compared with the known proteins reported in literature. The common amino acids are reported.
Leu447 Table 3 . (Continued). HpFlgE2 presents three main domains, two of them, D1 and D2, well conserved among the hook proteins already crystallized, and D3, which is peculiar to H. pylori. A third domain has been observed in C. crescentus and C. jejuni too, but its three-dimensional organization in HpFlgE2 differs for the arrangement of the b-sheets, in particular bG1-bG2 and bG3-bG4, compared with CjFlgE1 and CcFlgE. Indeed, CjFlgE1-D3 is characterized by a larger surface due to the presence of other structural elements, inserted at the level of two b-sheets. CcFlgE-D3 presents dimensions that are almost comparable to the third domain from H. pylori protein, but with a larger number of b-sheets and the absence of any helical motif. It appears that D3 is species-specific and is likely involved in the antigenic recognition from the host immune system. In analogy with the other known structures, the crystal form of HpFlgE2 lacks both the N and C 
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The FEBS Journal 284 (2017) 4328-4342 ª 2017 Federation of European Biochemical Societies termini, which are possibly involved in the polymerization process of the hook. Domain D0 was specifically deleted in all the orthologs from the other organisms to prevent hook polymerization. Although in the case of HpFlgE2 the protein was expressed as full-length, its tendency in forming oligomers was barely detected. Rather, it was mainly observed as a monomer in solution, as confirmed by size-exclusion chromatography experiments (Fig. 10) . Nevertheless, the protein seems to easily degrade. The process starts after the purification by size-exclusion chromatography and likely enhances the crystallization process.
Other studies [16, 28, 29] have suggested a dependence between the morphology of polar flagella and the variation of salt concentration and pH of the environment. Mora et al. reported a systematic variation in the pitch length in the filament of Rhodobacter sphaeroides polar flagella, according to a regular increase of NaCl concentration. HpFlgE2 expression was observed to be predominant in high-salt conditions [27] .
The fact that the overall structural organization of HpFlgE2 is similar, despite significant differences, to that of FlgE from other bacteria suggests a complementary function of FlgE1 and FlgE2 in H. pylori flagellum. Moreover, the role of HpFlgE2 in the hook assembly can be proposed since the fold of the D3 in HpFlgE2 is similar enough to the fold of the D3 in FlgE/FlgE1 from other species. In addition, the interaction of HpFlgE2 with the cap protein HpFlgD with a dissociation constant comparable to the value observed for the interaction of FlgN and FlgK in S. typhimurium (K D = 76 nM) [30, 31] suggests that the two proteins can co-participate to the assembly of the flagellar hook. We can predict that the formation of the complex FlgE2-FlgD can take place during the formation of the hook and during the polymerization process in order to regulate the hook length. Finally, owing to its apparent role in salt-dependent behavior, we are tempted to speculate that HpFlgE2 could be involved in the maintenance of the flagellate form of the bacterium in stress conditions, but further experiments in this direction need to be performed to confirm this hypothesis. All these observations, taken together, indicate that the molecular organization of the H. pylori flagellar machine has his own peculiarities and differences, despite overall similarities to those of other Gram-negative bacteria.
Materials and methods
Cloning, expression and purification of HpFlgE2 and HpFlgD
Homologs of HP0908 and HP0907 were amplified from the H. pylori G27 genome. The HpFlgE2 corresponding gene, hp0908_G27, was amplified including at the C terminus a hexa-histidine-tag by PCR, using the primers . Native HpFlgE2 eluted as two species, tetrameric and monomeric, with a prevalent form of the monomer (Fig. 10A ). Both were concentrated by ultrafiltration up to 20 mgÁmL À1 for crystallographic purposes.
Expression of recombinant seleno-methionine derivative protein was carried out using the non-methionine auxotrophic E. coli strain BL21(DE3). The bacteria were grown in 1 L of Se-Met Dream Medium kit (Molecular Dimensions, Newmarket, UK), prepared according to the provided protocol, and supplemented with 30 lgÁmL À1 of kanamycin. The expression was performed overnight at 37°C, via an autoinduction mechanism. The protein was then purified through affinity and size-exclusion chromatography, as reported for the native protein. In this case, the protein eluted only as a monomer (Fig. 10B) . The protein was concentrated by ultrafiltration up to 25 mgÁmL À1 for crystallization screening. The HpFlgD protein was expressed and purified as previously reported from Puli c et al. [32] .
Crystallization, data collection and structure determination A on an ID23-1 beamline at the European Synchrotron Radiation Facility. Data were collected using 0.15°oscilla-tion at the wavelength of peak absorption for selenium, 0.9799
A. Native and SeMet-HpFlgE2 data were processed in the P2 1 2 1 2 1 space group using XDS [33] . The structure was solved using the SAD data set from the peak of absorption of selenium and using the suite SHARP/ AUTOSHARP [34] . The structure was then refined on the native protein data set, iterating a manual refinement by the graphical software COOT [35] and the refinement software PHENIX.REFINE, included in the package PHENIX [36] . During the last cycle of refinement, Translation/Libration/ Screw groups were automatically defined by PHENIX.REFINE and used to improve the quality of statistics. The final and deposited structure contains 0.2% of Ramachandran outliers and 93.3% of residues in the most favored regions, with a whole amount of water of 48%. Coordinates were deposited in PDB, with the accession code 5NPY.
Co-expression and purification of HpFlgE2 and HpFlgD proteins
Corresponding genes of hp0908 and hp0907 were amplified full-length from the H. pylori genome G27 for the insertion respectively in pETDuet and pACYCDuet expression vectors. hp0908_G27 was amplified by PCR using the primers 5 0 -GGGGGGCCATGGGAAACGACACCTTATTAAAC 3 0 (forward) and 5 0 -GGGGGGGCGGCCGCTTATGGC TGTGGTGATGGTGATGTTTTTTCAAGCTAAT-3 0 (reverse) and inserted in the pETDuet vector with a hexa-histidine tag located at the C terminus. hp0907_G27 was amplified using primers 5 0 -GGGGGGGATATCATGGC TATTGATTTAGCAGAA-3 0 (forward) and 5 0 -CCCCCC GGTACCTTATTTTTCAAACTGCGGATGCTCCATGC TGTCTCTTTAGG-3 0 (reverse) and inserted in the pACYC Duet vector with a Step-tag located at the C terminus. The vectors were previously linearized with NcoI/NotI and EcoRV-HF/KpnI-HF enzymes, respectively. E. coli BL21(DE3) cells were used to harbor the two plasmids together. Cells were grown at 37°C in 1 L of LB medium supplemented with 100 lgÁmL À1 of chloramphenicol and 100 lgÁmL À1 of ampicillin, until a A 600 of 0.6 was reached. The expression was induced with 1 mM of isopropyl-b-1-thiogalactopyranoside at 28°C for 4 h. Cells were harvested by centrifugation (15 min, 8000 g) and resuspended in buffer C, containing Tris/HCl 20 mM at pH 7.5 and NaCl 150 mM, in the presence of phenylmethylsulfonyl fluoride at a concentration of 1 mM. Cells were then lysed by the One Shot Cell Breakage System. After centrifugation (30 min at 40 000 g), the soluble fraction was loaded onto a Strep-tactin resin, equilibrated with buffer C. The FlgDE2 complex was eluted in 4 mL using buffer D (Tris/HCl 20 mM at pH 7.5, NaCl 150 mM and D-desthiobiotin 2.5 mM). A second purification step was performed charging the eluted fraction onto a IMAC resin, equilibrated with buffer E (Tris/HCl 20 mM pH 7.5, NaCl 150 mM and imidazole 20 mM). After 30 min of incubation, the complex was eluted with the same buffer supplemented with 400 mM of imidazole. Proteins were detected by performing two western blots and using anti-His-tag and antiStrep-tag antibodies.
Control experiments were performed in order to avoid the detection of specific interactions between the purified proteins and the resin. FlgE2 and FlgD were independently expressed in BL21(DE3) E. coli cells as previously reported. In the case of FlgE2, cells were harvested and resuspended in buffer C and then lysed by the One Shot Cell Breakage System. The soluble fraction was then loaded onto a Streptactin resin, previously equilibrated with buffer C. The lysate was incubated with the resin for 30 min at 4°C and washed with buffer C. Protein FlgE2 was eluted with buffer D. FlgD was purified charging the lysis supernatant onto a IMAC resin after equilibration with buffer E. After 30 min of incubation, the resins were washed and the protein eluted with buffer C supplemented with 400 mM imidazole. SDS/PAGE of the purified proteins is reported in Fig. 8B , C.
Microscale thermophoresis assay of the HpFlgDE2 complex
Both proteins HpFlgD and HpFlgE2 were exchanged into HEPES buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.05% Tween), which is suitable with the labeling reaction, on buffer-exchange columns (Zeba TM Spin Desalting column, Thermo Scientific, Waltham, MA, USA). For protein labeling 100 lL of the HpFlgD protein solution (13.5 lM) was mixed with 9.65 lL of the red NT-647-NHS fluorescent dye (435 lM) and 90.35 lM of HEPES buffer. Afterwards, the reaction mixture was incubated for 30 min at room temperature in the dark. The excess of fluorescent dye was eliminated as described in the protocol by NanoTemper Technologies (Munich, Germany).
For the MST measurements 40-fold diluted solution of the labeled HpFlgD in HEPES buffer was used. Sixteen small micro reaction tubes were prepared on ice and labeled from 1 to 16. The first tube was filled with 20 lL of the HpFlgE2 protein at the highest concentration (46 lM). The rest of the tubes (2 to 16) were filled with 10 lL of the HEPES buffer. Ten microliters of tube 1 was transferred to tube 2 and mixed well by pipetting up and down several times. This action was repeated 15 times and at the end the 10 lL solution from tube 16 was discarded after mixing. In addition, the 10 lL of the 40-fold diluted labeled HpFlgD solution was added in all 16 tubes already containing HpFlgE2 solution and mixed well by pipetting up and down several times. The sample was incubated for 5 min and later transferred to Monolith TM NT.115 MST Premium coated capillaries (NanoTemper Technologies). The described experiment was repeated three times at the MST power of 40% and excitation power of 20%.
